Background: A tortuous lesion with hinge motion is reportedly a risk factor for in-stent restenosis (ISR) after bare metal stent implantation. Sirolimus-eluting stents (SESs) implantation has dramatically reduced ISR. However, SES is a closed-cell design stent, which has low conformability and flexibility. Several studies have reported a relationship between tortuous lesions and stent fracture, which is one of the causes of ISR. The efficacy of SES in a tortuous lesion with hinge motion has not been fully evaluated. The aim of this study was to investigate the relationship between tortuous lesions and ISR after SES implantation.
tortuous lesion, which is often accompanied by hinge motion, is reportedly a risk factor for in-stent restenosis (ISR) after bare metal stent (BMS) implantation. 1 The longitudinal straightening effect of a stent on a tortuous artery provokes neointimal hyperplasia due to injury at the stent edge, and this contributes to ISR. Sirolimus-eluting stents (SES) have dramatically reduced the rate of ISR as compared with BMSs. 2, 3 However, ISR remains a problem, 4-6 especially with SES having a closed-cell, stainless steel design, which has low conformability and flexibility. Several studies have reported the relationship between hinge motion and stent fracture after SES implantation. [7] [8] [9] [10] [11] [12] In contrast, the effect of SES on a tortuous lesion with hinge motion including the longitudinal straightening effect has not been evaluated completely. The aim of this study was to investigate the relationship between tortuous lesions with hinge motion and ISR after SES implantation.
Methods

Study Population
From September 2004 to August 2007, 469 patients with 622 lesions underwent SES implantation (Cypher, Cordis/Johnson and Johnson, Miami, FL, USA) into de novo and ISR lesions at Wakayama Medical University Hospital. This did not include patients with ST elevation myocardial infarction who underwent primary percutaneous coronary intervention (PCI) or those with a planned surgery requiring antiplatelet therapy withdrawal, intolerance of aspirin or ticlopidine/clopidogrel, or inappropriate vessel size for SES. The scheduled follow-up SES Implantation for Hinge Motion Lesion coronary angiography was performed at 6-9 months after stenting. An additional follow-up angiography after the scheduled one was performed only in patients who developed newonset symptoms. We obtained 3-year clinical follow-up data from outpatient records or telephone interviews. Target lesion revascularization (TLR) was defined as repeat percutaneous or surgical intervention of the stented lesion.
This study complied with the Declaration of Helsinki regarding investigations in humans, and was approved by the Ethics Committee of Wakayama Medical University Hospital. All patients provided written informed consent. 
Quantitative Coronary Angiographic Analysis
Coronary angiography was performed after the administration of 0.2 mg intracoronary nitroglycerin. Quantitative coronary angiographic analysis before and after stenting and at the scheduled follow-up angiography was performed using a guiding catheter to calibrate magnification and a validated automated edge detection algorithm (QCA-CMS version 5.0, Medis, Leiden, The Netherlands). The analyses were performed by 2 independent observers (H.K. and T.T.) blinded to clinical information. The target lesion minimal luminal diameter included the stent, as well as 5-mm margins proximal and distal to the stent. Binary restenosis was defined as stenosis of more than 50% of the luminal diameter in the target lesion at follow up. Late restenosis was defined as in-stent binary restenosis in a lesion without restenosis at the scheduled 6-9 month follow-up angiography. The patterns of angi- 
Quantification of Tortuosity and Hinge Motion
Tortuosity was quantified by the maximal angle [β (degree)] in the target lesion before the procedure, and hinge motion by the difference in the angle between diastole and systole [∆angle=β-α (degree)] in the target lesion before the procedure, as detailed in a previous report 8 ( Figures 1A-B,2A -B, 3A-B). Angiographic images were obtained in some projections, and the views in which the angle in the target lesion was maximal were selected for analysis by the 2 independent observers (Y.I. and K. Komukai). The mean values of their measurements were taken for further consideration. When there was any discordance between the observers, a consensus reading was obtained.
Definition of Stent Fracture, Stent Recoil, and Edge Injury
Stent fracture was defined as a complete or partial separation of the stent on a plain fluoroscopy without contrast injection at the first scheduled follow-up angiography, as described in previous reports. 8- 11 The diagnosis of stent fracture required an independent review and agreement by 2 of the authors (K.I. and K.S.). Stent recoil was defined as a >20% decrease in stent area on intravascular ultrasound (IVUS) during follow up in 3 consecutive 1-mm segments, as described in a previous report. 14 Edge injury was defined as restenosis at the hinge point of a stent edge, which occurred within 5-mm margins proximal and distal to the stent. 1
Statistical Analysis
Stat View 5.0 software (SAS Institute Inc, Cary, NC, USA) was used to perform all statistical analyses except receiveroperating characteristic curve analysis, which was performed with SPSS software, version 11.0 (SPSS Inc, Chicago, IL, USA). Categorical data are presented as frequencies and were compared using χ2 statistics or Fisher's exact test. Continuous variables are expressed as mean ± standard deviation and were compared using the paired or unpaired Student's t-test or Mann-Whitney U test. Multiple logistic regression analysis was performed to determine independent predictors of ISR. The following variables were tested (all variables with P<0.05 in univariate analysis): hemodialysis, diabetes mellitus, aortic ostium stenting, total stent length, number of stents per lesion, stent overlap, pre-intervention reference vessel diameter, post-intervention minimal luminal diameter, ∆angle and maximal angle in the target lesion before the procedure. Receiver-operating characteristic curve analysis was used to determine the best cut-off value for predicting angiographic restenosis. A probability value <0.05 was considered statistically significant.
Results
Clinical, Angiographic and Procedural Characteristics
Of the enrolled 469 patients who underwent SES implantation, the follow-up angiography was not performed in 64 patients with 79 lesions for the following reasons: refusal of follow-up angiography including advanced age in 38 patients with 47 lesions, death before follow-up angiography in 3 patients with 3 lesions, poor renal function (serum creatinine level >1.8 mg/dl) in 12 patients with 14 lesions, and combined other serious systemic disease or malignancy in 11 patients with 15 lesions. We could not obtain 3-year clinical followup data in 6 patients; 4 patients who moved to other prefectures and 2 patients who died due to cardiac failure 18-32 months after SES implantation. We excluded these 6 patients from the analysis. Therefore, the patient population included 399 patients with 537 lesions (86.3%). Of 399 patients, ISR occurred in 37 patients with 44 lesions (8.2%). TLR was performed in 40 restenotic lesions (7.5%). Revascularization strategies were as follows: additional SES implantation in 16 lesions, additional paclitaxel-eluting stent implantation in 8, BMS implantation in 2, balloon angioplasty in 9, and coronary artery bypass grafting in 5. In the other 4 lesions, medical treatment was selected because the results of exercise or pharmacological stress tests were negative. Baseline clinical characteristics in the ISR and non-ISR groups are shown in Table 1 . The 2 groups did not differ significantly for most variables for the baseline clinical characteristics. However, diabetes mellitus and hemodialysis were more common in the ISR group than in the non-ISR group (P=0.005 and P<0.0001, respectively). The angiographic and procedural characteristics of both groups are shown in Table 2 . Significant differences between the ISR and non-ISR groups were demonstrated in total stent length, number of stents per lesion, the rate of stent overlap lesion, aortic ostium stenting, reference vessel diameter, and post-minimal luminal diameter. Mean maximal angle and ∆angle in the target lesion were larger in the ISR group than in the non-ISR group (47±22° vs. 37±21°, P=0.004 and 20±13° vs. 13±10°, P<0.0001, respectively). Table 3 . Hemodialysis (P<0.001), aortic ostium stenting (P=0.012), diabetes mellitus (P=0.024), and ∆angle (P=0.007) were identified as independent predictors of ISR after SES implantation. Figure 4 shows the receiver-operating characteristic curve analysis of ∆angle for predicting development of ISR after SES implantation. The area under the curve of ∆angle was 0.695. The optimal cut-off value of ∆angle that best predicted ISR was 15.5°. The sensitivity and specificity for ∆angle ≥16° to predict ISR after SES implantation was 64% (28/44) and 74% (366/493), respectively.
Independent Predictors of ISR Independent predictors of ISR after SES implantation in multivariate logistic regression analysis are shown in
Details of ISR
Early ISR (within 1 year after SES implantation) occurred in 30 lesions, and late ISR (>1 year after SES implantation) occurred in 14 lesions. The angiographic patterns of ISR were focal in 36 lesions (body in 15, distal margin in 5, proximal margin in 12, multi focal in 2, and gap in 2), diffuse in 5, and total occlusion in 3.
Stent fracture occurred in 29 of 537 lesions, and the over- 
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all stent fracture rate was 5.4%. The ISR rate was higher in lesions with stent fracture than in those without stent fracture (34.5% vs. 6.7%, P<0.001).
The ∆angle was ≥16° in 28 of 44 (64%) ISR lesions, and those were defined as hinge motion-associated ISR. Hinge motion-associated ISR lesions were divided into the following 4 types: stent fracture type (9 lesions), stent recoil type (6 lesions), edge injury type (10 lesions; 5 at the proximal edge and 5 at the distal one), and unclassified type (3 lesions). In the 6 stent recoil type lesions, the minimum stent area of post stenting decreased from 5.70±0.60 mm 2 to 4.55±0.48 mm 2 at follow up (P<0.001). Figures 1-3 demonstrate 3 representative angiographies with hinge motion-associated ISR.
Discussion
The main findings of the present study were as follows: (1) the overall ISR and TLR rates after SES implantation were 8.2% and 7.5%, respectively; (2) independent predictors of ISR were hemodialysis, aortic ostium stenting, diabetes mellitus, and ∆angle in the target lesion; (3) the optimal cut-off value of ∆angle that best predicted ISR was 15.5°, with a sensitivity and specificity of 64% and 74%, respectively; and (4) the ∆angle was ≥16° in 28 of 44 (64%) lesions, and those were divided into 4 types [stent fracture (9 lesions), stent recoil (6 lesions), edge injury (10 lesions), and unclassified (3 lesions)].
Several randomized trials have shown significantly lower rates of ISR and TLR with SES than BMS implantation. 2, 3 The rates of ISR and TLR in the present study were 8.2% and 7.5%, respectively, which is similar to those reported in previous studies. 15-17 Several studies have reported that predictors of ISR after SES implantation included diabetes mellitus, ISR, long lesions, small vessels, location at the ostium or a bifurcation, under-expansion of the stent, non-uniform strut distribution, and stent fracture. 4-9,16-19 The present study was in accordance with these prior studies in showing that diabetes mellitus and ostial location predicted ISR after SES implantation. We also found that hemodialysis was a predictor of ISR. Several studies have reported that there are many adverse factors related to ISR in patients with hemodialysis, such as the lesion calcification due to abnormal calcium metabolism, hemodynamic overload, endothelial dysfunction, and abnormalities in platelet function. 20-22 Patients with hemodialysis usually have heavily calcified coronary arteries, which lead to under-expansion of the stent. Mori et al reported that coronary artery calcification along the stent delivery route was associated with ISR after SES implantation due to the disruption of drug polymers. 23 It has been reported that both the number and function of endothelial progenitor cells are reduced in patients with chronic renal failure and this leads to endothelial dysfunction. 24 In addition, patients with hemodialysis are known to have abnormalities in platelet function, such as hyperaggregability and decreased responsiveness to prostacyclin. 25 These might lead to mural thrombus formation, resulting in ISR in patients with hemodialysis.
The ∆angle in the target lesion before the procedure was identified as an independent predictor of ISR after SES implantation. The ∆angle was ≥16°, which is the optimal cutoff value for predicting ISR, in 28 of 44 lesions in this study. These results might be explained as follows. First, a stent fracture was seen in 9 of these 28 lesions. Several studies have reported that hinge motion or ∆angle in the target lesion before the procedure is an independent predictor of stent fracture, and stent fracture is associated with ISR (15-50% of cases) after SES implantation. 7-12 Second, restenosis in the middle portion of the stent without stent fracture was seen in 6 of 28 lesions. In an in vivo porcine study, IVUS assessment revealed significant acute stent recoil in BMSs: 10% in diameter and 16-17% in the cross-sectional area. 26 In a serial IVUS study of various BMSs, chronic stent recoil was observed in some stent designs. 27 A recent report indicated that chronic stent recoil after the first generation drug-eluting stents (DESs), that is, the SES and paclitaxel-eluting stent, occurred in 0-2%. 14 We speculate that acute and chronic stent recoil is prone to occur in hinge motion lesions because excessive vessel movement causes stent compression at the hinge point during the cardiac cycle, and stent recoil causes a decrease in minimal stent area. Furthermore, small stent fractures such as a single strut fracture, which is difficult to detect with fluoroscopy or IVUS, might occur at the hinge point of a vessel. Third, restenosis at the stent edge was seen in 11 of 26 lesions. Gyöngyösi et al reported that the longitudinal straightening effect of BMS implantation on a tortuous artery provoked neointimal hyperplasia due to injury at the stent edge and contributed to ISR. 1 SESs have a stainless steel, closed-cell design, which has low conformability and flexibility. We speculate that SES implantation straightens the coronary artery that undergoes hinge motion, and consequently the hinge point shifts to the proximal or distal edge of the stent. The strut edge causes mechanical stress at the vessel wall during the cardiac cycle, provoking local neointimal hyperplasia. The local drug dose delivered to the vessel wall at the stent edge is lower than that within the stent and insufficient for the suppression of neointimal hyperplasia.
In this study population, lesions with an ∆angle ≥16° were observed in 154 of 537 lesions (28.7%). Of 154 lesions, 109 lesions (71%) have neither a stent fracture nor ISR. These results might be explained as follows. First, SES implantation often makes the hinge point shift to the proximal or distal edge of the stent in those lesions. IVUS-guidance PCI was performed in 77% of this study population, and SES implantation achieved a full cover of plaque in most of those lesions by IVUS use. This might have contributed to a lower rate of ISR. Second, small stent fractures such as a few struts fracture, which were difficult to detect with fluoroscopy, might occur in lesions with hinge motion. Third, lesions with a small stent fracture might not have resulted in ISR because of the small strut gap. Furthermore, a small stent fracture might diminish the stress of the stent edge after stent implantation and could be a protective effect against ISR.
Clinical Implications
With the increasing use of DESs, PCI is being applied to increasing numbers of complex lesions, including tortuous ones with hinge motion. We determined that hinge motion was one of the predictors of ISR after implantation of SESs, which have a closed-cell design. Second generation DESs including the zotarolimus-eluting stent and the everolimuseluting stent have an open-cell design and better conformability and flexibility. These stents might favor lower ISR rates after DES implantation for tortuous lesions with hinge motion. The ∆angle in the target lesion can be measured easily and quickly before the procedure, without any additional equipment, such as an IVUS. The selection of DES types based on the ∆angle before the procedure might provide a better reduction of subsequent ISR.
Study Limitations
There are several limitations to the present study. First, INO Y et al. 13 .6% of all patients did not have the scheduled follow-up angiography, raising the possibility of selection bias. Second, because follow-up IVUS was performed in only a fraction of the patients (34 of 399 patients; 8.5%), small stent fractures, such as a single strut fracture, were difficult to detect with fluoroscopy; therefore, the incidence of stent fracture might not be accurate. To compensate for this limitation, the diagnosis of stent fracture required agreement from 2 independent reviewers. Third, analysis of the angle in the target lesion was not based on 3-dimensional imaging data, although the error of this measurement might have been within a tolerable range. To improve these measurements, angiographic images were obtained in some projections, images with the maximal angle in the target lesions were selected, and the measurements were performed by 2 independent observers. Fourth, the change in the angulation of the lesion after stenting was not analyzed. Finally, this was a retrospective, observational analysis from a single center, and the number of patients with ISR was low; therefore, the present study results should be viewed as preliminary and require confirmation with larger clinical trials.
Conclusion
The ∆angle was one of the predictors of ISR after SES implantation. The amount of hinge motion in tortuous lesions should be considered in the selection of DES types.
